The parity of the number of atoms in finite antiferromagnetic nanowires deposited on ferromagnets is shown to be a crucial quantity determining their magnetic ground state. Relating results of the fullpotential Korringa-Kohn-Rostoker method for noncollinear magnetism from first principles to a Heisenberg model, we show that the magnetic structure changes dramatically across the entire nanowire if one single atom is added to it. Infinite and finite even-numbered nanochains exhibit always noncollinear magnetism, while odd-numbered wires lead under given conditions to a collinear ferrimagnetic ground state. This extremely nonlocal effect occurs only for nanosized wires. DOI: 10.1103/PhysRevLett.101.107204 PACS numbers: 75.75.+a, 73.22.Àf, 73.63.Nm, 75.30.Hx Controlling the flow of charge and spin information to and from increasingly smaller becoming structures hinges on the meticulous control of the coupling between spins. Obviously, this is of central importance for the design of novel devices engineered at the level of individual atomic spins [1] whose functionality is geared towards computing speed, storage capacity, and energy saving. Fundamental explorations of magnetic nanowires and nanostructures using advanced experimental methods [2-6] opened up unprecedented opportunities for atomic engineering of future spintronics and quantum information devices.
Controlling the flow of charge and spin information to and from increasingly smaller becoming structures hinges on the meticulous control of the coupling between spins. Obviously, this is of central importance for the design of novel devices engineered at the level of individual atomic spins [1] whose functionality is geared towards computing speed, storage capacity, and energy saving. Fundamental explorations of magnetic nanowires and nanostructures using advanced experimental methods [2] [3] [4] [5] [6] opened up unprecedented opportunities for atomic engineering of future spintronics and quantum information devices.
Although a tremendous effort (see, e.g., Refs. [7] [8] [9] [10] [11] [12] ) has been undertaken to understand ferromagnetic clusters in general and ferromagnetic chains, in particular, little if nothing is known about the behavior of antiferromagnetic nano-objects. Because of inherent experimental and theoretical difficulties, the task of unraveling the complex magnetic behavior of antiferromagnetic nanostructures remains challenging. These experience frequently a phenomenon called magnetic frustration, which describes the inability to satisfy competing exchange interactions between neighboring atoms. It is partially removed by creating noncollinear structures with lower energies [13] [14] [15] [16] [17] . These structures can be of unprecedented complexity with magnetic moments aligned along quantization axes changing from atom to atom, and thus much more difficult to measure. Very recently, a breakthrough in this field has been achieved in investigating the magnetism of small chains of 1 to 10 Mn atoms on a thin insulating layer using inelastic scanning tunneling microscopy [18] .
The most evident examples of frustration is the so-called geometric frustration arising from the antiferromagnetic interaction between adatoms forming, e.g., a trimer with a shape of an equilateral triangle. In this Letter we present a novel frustration phenomenon due to the coupling with the ferromagnetic substrate: Below a particular size, nanowires exhibit totally different magnetic structures depending on the parity of the number of adatoms. Evennumbered chains of antiferromagnetic atoms reveal a noncollinear (NC) structure; however, odd-atom chains show a completely different magnetic order, a collinear ferrimagnetic (FI) structure. The latter fact is very surprising since both the dimer as well as the infinite chain have basically the same NC structure. In other words, the magnetic structure of the whole wire dramatically changes or switches if a single atom is added. We discovered that this extremely nonlocal phenomenon is a nanoeffect occurring only for nanowires below a certain length. The differences between the magnetic structures of the even and odd-atom wires are predicted to be sufficiently large to be observed experimentally. Throughout the Letter, results are shown primarily for Mn chains on Ni(001), but they are general and hold also for antiferromagnetic chains on different substrates.
The ground-state spin structure of nanowires with up to 11 adatoms is investigated with the full-potential screened Korringa-Kohn-Rostoker (KKR) Green function method [13, 19] based on density-functional theory (DFT) employing the local spin density approximation (LSDA) [20] . Angular momenta up to l max ¼ 3 were included in the expansion of the Green functions and up to 2l max ¼ 6 in the charge density expansion. First, the Green functions of the surface serving as the reference system are determined. Second, a cluster of perturbed potentials, which always includes the wire atoms and all nearest neighbors (NN) substrate atoms, is considered with a size varying from 20 up to 83 perturbed sites for all kind of ad-chains considered. Experience has shown that Mn adatoms on Ni(001) relax only by a small amount (less than 3%) inwards. Thus, we consider the wire atoms at the unrelaxed hollow position. Within the cluster of embedded potentials, both the values and the directions of the magnetic moments are calculated [13] .
Throughout this Letter, we shall use a Heisenberg model to interpret the results of the aforementioned densityfunctional calculations, to extend the results to larger chains and so provide an overall picture. We assume a simple classical spin-Hamiltonian in which magnetic exchange interactions between first-neighbor atoms are taken into account
N is the number of atoms in the chain and is the rotation angle of the wire atom moment with respect to the magnetization of the surface. The DFT calculations give tiny rotation angles for the Ni substrate moments and thus are neglected in the model. For symmetry reasons, the magnetic moments lie on a circle, not a sphere; i.e., ranges from 0 to 360 with the azimuth ¼ 0 . The magnetic exchange interactions (J 1 and J 2 ) are extracted from our ab initio calculations [21] and inserted into the present model: J 1 ð<0Þ stands for an (antiferromagnetic) exchange interaction between two neighboring wire atoms at sites i and i AE 1 in the chain, while J 2 is the total magnetic exchange interaction between a given wire atom and its neighboring surface atoms. Typically, the parameters J 1 and J 2 describe the ab initio results well and dominate over interactions between further neighbors or higher order interactions. For Ni substrates there is a small variation in the value of J 2 due to the breathing of the length of the Ni moments upon , which is neglected in the model.
Ab initio results of the dimer and trimer:-The simplest case of an antiferromagnetic (AF) chain, a dimer (Cr or Mn) deposited, for example, on a ferromagnetic surface such as Ni(001) was already studied in Ref. [13] . We recall here briefly the main results for Mn: Mn-dimer atoms couple strongly AF to each other (J 1 < 0), which is in competition with the ferromagnetic (FM) interaction of Mn with the substrate atoms (J 2 > 0) favoring a parallel alignment of the dimer moments. Thus, frustration in the interactions occurs and a NC structure [see Fig. 1(a) ] is obtained as ground state. Here the Mn moments are aligned antiparallel to each other and roughly perpendicular to the substrate moments. Moreover, the weak FM interaction with the substrate causes a slight tilting of the moments leading to an angle of 73 instead of 90 . Out of the six NN Ni(001) substrate moments, the four outer ones show a small tilting of 7.4 , while the two inner ones do not tilt due to symmetry reasons.
For our preliminary discussion, we use the Heisenberg model [Eq. (1)]. For the dimer case, a potential FI solution depends only on J 1 (E FI ¼ J 1 ), because the contributions J 2 of both adatoms cancel out due to their antiparallel alignment. On the other hand, the NC solution depends also on the magnetic interaction with the substrate in terms of J 2 [E NC ¼ ÀJ 1 cosð2Þ À 2J 2 cosðÞ] being clearly the cause of the noncollinearity of the system as energy is gained by the upward tilting [ Fig. 1(a) ] of the moments from 90 to 73 . For three Mn adatoms [ Fig. 1(b) ], we find the FI solution to be the ground state. Contrary to the dimer, the energy of the collinear solution of the trimer depends on J 2 (E FI ¼ 2J 1 À J 2 ) due to the additional third adatom, which in fact allows the FI solution to be the ground state.
One sees here the premise of an odd-even effect on the nature of the magnetic ground state. On this basis one might conjecture that wires with an even number of atoms would behave similarly to the dimer because an additional interaction energy with the substrate proportional to J 2 can only be gained in the NC state by the small tiltings off the 90 angle shown in Fig. 1(a) , while odd-numbered wires would behave similarly to the trimer. They can always gain energy in the collinear state due to one J 2 interaction term which does not cancel out.
Ab initio results of longer nanowires:-Investigating the longer nanochains with even number of atoms shows that their ground state is always NC. Examples are presented in Figs. 1(c), 1(e), 1(g), and 1(i) and in Table I . In first approximation, the magnetic moments are always in the plane perpendicular to the substrate magnetization keeping the magnetic picture seen for the dimer almost unchanged. Moreover, the neighboring magnetic moments are coupled almost AF. The atoms at both ends of the chains have the most rotated moments towards a FM coupling to the substrate moments (see Table I ). The two central chain atoms A-B (see Fig. 1 for the notation) are the ones which keep The considered odd-numbered nanochains are characterized by a FI ground state in which the majority of atoms are coupled FM to the surface. The total energy differences to the lowest lying metastable, i.e., NC state, first increases with respect to the length of the wire (see Table II ) up to a maximum for a wire with 7 atoms (10:48 meV=adatom) followed by a decrease for longer wires. This behavior is the property of the metastable NC state and arises from a competition between the edge and inner atoms of the chain. Edge atoms in odd chains favor collinear moment alignment to the substrate. For short chains, trimer and 5 atoms chains, they dominate the total magnetic behavior permitting only a slight tilting of the moments away from the FI state. For longer wires, however, the inner atoms experience basically the same local environment as the atoms in even chains accompanied by similar moment orientations.
When increasing the length of the chains, both kinds of wires should converge to the same magnetic ground state since the parity of the chains is expected to be an obsolete quantity for infinite chains. Within the DFT framework, the investigation of longer chains is computationally very demanding. Thus, in the next section we will use the afore described Heisenberg model to investigate this magnetic transition.
Heisenberg model results:-Two different approaches are used to solve Eq. (1). At first, we allow the rotation angle i to vary from site to site in the chain and at second, we consider a constant absolute value of at each site. The first, the inhomogeneous approach, requires an iterative numerical scheme while the second, the homogeneous one, leads to a simple analytical form. In Fig. 2 , the energy difference between the NC and FI states determined by the first approach is plotted versus the length of Mn nanowires. Negative values refer to a NC ground state. The model confirms the DFT results showing that the even chains have always a NC ground state. Within this model, the ground state for odd wires changes from FI to NC when the number of atoms exceeds a transition length of 9 atoms which is smaller than what predicted from DFT. Moreover, even beyond this length, we notice an oscillatory behavior of the energy differences and the magnetic structure when going from the odd-to even-numbered chains. This behavior is easier to understand when considering the homogeneous ansatz, which leads to a somewhat bigger transition length (19 atoms) for the odd chains. In this case, the energy difference per wire atom is given by ÁE NCÀFI ¼ NJ 2 2 8ðNÀ1ÞJ 1 þ PðNÞ jJ 2 j N , with PðNÞ, a parity function, equals 0 when N is even, or 1 if N is odd. Since the first term of ÁE NCÀFI is negative for all lengths (J 1 < 0), NC is the ground state for all even chains. The second term, on the other hand, is positive and provides for finite lengths an energy counterbalance allowing the FI the lowest energy TABLE II. Ab initio results for odd-numbered nanochains: size of the magnetic moments and total energy differences between the NC and FI state. As described earlier the atoms separated by the character ''-'' have the same magnetic moment. TABLE I . Ab initio results for even-numbered nanochains: size and angle of the magnetic moments as well as total energy differences between the NC and FI solutions. In every pair of wire atoms connected by the character ''-'', the azimuthal angles are equal to 0 -180 , while the magnetic moments and rotation angles are the same. Number of atoms in the chain 
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week ending 5 SEPTEMBER 2008 107204-3 solution. As this term decreases as N À1 , a crossover to noncollinearity is expected for N % 8jJ 1 j=jJ 2 j as the preferred behavior for large lengths, as found in Fig. 2 . Moreover, we notice that for big values of N, ÁE NCÀFI converges to a constant, J 2 2 =ð8J 1 Þ, which is confirmed by the convergence of the two curves in Fig. 2 towards the same NC state with NC ¼ 69
: if the chains are infinite the parity induced differences vanish.
The next point is the discussion of the general behavior of the transition length for odd chains. Using the inhomogeneous ansatz, we determine for each set of parameters (J 1 , J 2 ) the corresponding transition length which leads to the phase diagram shown in Fig. 3 . The obtained curve seems to decay roughly as N À1 . On one hand, small exchange interactions ratios lead to very long transition lengths. This means that odd-even effects are expected to last for very long chains which can be easily observed experimentally. On the other hand, big values of J 2 compared to J 1 lead to very small transition lengths. The obtained phase diagram is interesting and can be used to predict the behavior as well as the transition lengths for other kinds of AF chains deposited on FM substrates. This model predicts, for example, a transition length of 5 atoms for Mn/Fe(001) while Mn/Ni(111) is characterized by a value of 17 atoms. Certainly, this transition length is subject to modifications depending on the accuracy of the exchange interactions, spin-orbit coupling, and geometrical relaxations. Furthermore, we point out that the angles obtained by the model are in good agreement with our DFT calculations, meaning that the model reliably describes the very-long chains. In addition, it is interesting to note that a recent experimental as well as theoretical work revealed a similar NC behavior for a full monolayer of Mn deposited on a bcc Fe(001) surface [22] .
To conclude, using DFT calculations, a strong novel phenomenon was found for finite antiferromagnetic nanowires on ferromagnetic substrates by which the parity of the number of atoms in a wire is an essential quantity determining the magnetic structure. Even-numbered nanochains exhibit a NC ground state, nanosized odd-numbered chains below a particular length have a collinear ground state. Adding one atom to the chain can lead to a complete change of the magnetic structure across the entire chain elucidating the extreme nonlocality of the effect. A Heisenberg model fitted to our ab initio results allows us to interpret these results and to determine transition for various chain-substrate combinations characterizing the odd chains. Finally, we predict the infinite chains to be of noncollinear magnetic nature. We encourage experimental efforts to investigate this intriguing parity effect.
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